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ANALYSIS OF THE HARD COMPONENT OF THEE COSMIC RADIATION
INTO ITS PROTONIC AND MESONIC COMPONENTS

AT 3.4 KILOMETERS AND AT SEA LEVEL

I
INTRODUCTION

Current interest in cosmic ray investigation is

largely directed towards two general objectives. One is

an interest in the phenomenon for itself and has for an end
the explanation in cosmological terms of the origin of the
radiation. The other, and perhaps wider interest, is to
make use of the radiation to extend to very high energies
our knowledge of nuclear phenomena. In the early periods
of cosmic ray study (before 1930) the experimental tech-
niques avallable ueasured only the total lonization produced
by the radiation, both in the atmosphere and under various
amounts of shielding material. Development of new tech-

niques at about this time, principally those associated




with the use of

LT

Getger counters, zoon led to a phenomenclog-
tzal classafizatlon of the radiation into a hard and soft
gomponent., As techniques have hecome meore quantitative,
more disceriminating classtfications have become rzaessary.
From ttr: standpoint of nuclear physics 1t is appropriate to
szparat: ivom the total moiiatraon thege particles which

pradu-~e nuclear “isruptions. Rossl {1) has called these

2

Many recent 1investigations of the interaction of
this generalizad nuclear component with the atmcsphere and
natler have been undertaken. The most common practice in
tr23e investigations i3 to study some particular phenomencn
such as "bursts," "stars," "penetrating showers" or other
type of reaction 1n order tc infe:s the nsture and behavior
of the "N" rompanent

These studies usually cover 2 =cmewhat 1ll-defined
ange: of ehergies and processes. Thu values for the
apsorption path length of the "N" ccm: onent derived from
these studies will vary widely, deps<.3ing on the particular
energy range or type of interactio~ ~phaalized by the
experimental teszhnigu= used. Tkis szituation will be improved
only by the detailed study of t» r-nentum distribution and
intensity of each constituent o -»= "N" component.

Studies of the indivi: -~ - astituents of the "N"

component have not beer widely undertaken except for the



neutron constituent which 18 relatively easy to detect
because of 1ts unique properties. The high energy ionizing
constituents of the "N" component, however, are exceedingly
difficult to separate and most of the progress in this direc-
tion has been made in very recent years. The star producing
characteristics of low energy pi-mesons was studied in detail
by the use of photographic plates by the English physicists,
particularly Occhialini and Powell in a series of papers
running from 1946-194{. It has been shown from photographic
plate studles that protons frequently cause nuclear disin-
tegrations and, hence, are included in the "N" component, but
no one had succeeded in separating mesons and protons with
anything like quantitative results prior to 1948. 1In ¢that
year the investigation reported by Miller, Henderson, et al
determined a loser limit for the proton flux in an extremely
narrow momentum interval at 3.4 kilometers. The present
paper described some measurements made in 1349 to 1950 which
had the aim of determining the momentum spectrum of protons
at 3.4 “ilometers and also at sea level. The various tech-
niques used in the study of the "N" component are discussed
at length in order to compare the results obtained with those

obtained in the present investigation.




Hard and Soft Components

For many years cosmic rays have been divided into two
components which were labeled "hard" and "soft." The basis
of sepsration 18 the respective range of the particles. The
soft component is that portion which will not penetrate a
layer of lead of 167 gm/’cm2 while the hard component will
penetrate such a layer of lead. This division is Justified
by the behavior of sea level cosmic rays. if one considers
the flux of cosmic rays below various layers of lead it will
be found that the flux increases until a 3 centimeter layer
of lead is reached, but as the layer becomes thicker the
flux rapidly diminishes until a layer of 10 centimeters of
lead has been reached. Further 'ncreases in the thickness
of lead decrease the flux only slightly. The layer of 167
gm/'cm2 1s designed to separate the rapidly absorbed soft
component from the more penetrating hard component.

At sea level the conspicuous characteristic of the
soft component is that most of the high energy particles
in penetrating matter produce many lower energy particies.
This is a characteristic of electrons and photons which are
the principal constituent of the soft component at sea level,
The processes involved in the multiplication are essentially
electromagnetic 31~ nature - Compton scattering, pair produc-

tion, radiative processes due to electronic acceleration,
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and knock on processes which are fairly well unders'ood.

On the otber hand the sea level hard component is
esgentially ron-electrontlc fn nature and its principal
¢omponen° 15 mesons.  The separation into hard and soft
rompanents dess nol shavply distinguish mesons from elec-
trons, feor 1f une energyv of the incident electron is high
enough, there 's a finite probability of at least one
particle penetrating lo7 g,m/cm2 of lead. Conversely, a
meson having 3 momentum less than 300 Mev,/C will not
nenetrate lo7 gm/cmz.

The picture 1is further complicated by the presence
of protons and neutrons particulariy at higher altitudes.
High energy prctons lose energy by two strikingly different
processes: irat, by tne graduali process of ionization, and
secondly, by fniteraction with nuclei in catastrophic proces-
ges. At low cnergy ionization losses predominate but at
high energies the nuclear interactions predominate. Neutrons
lose energy principally by nuclear interaction, since they
have no charge %2 rause Coulomb scatvering. These properties

will be discussed at greater length later.

The "N" Component

The separaticn into hard and soft components is not

adequate for the purposcs of this article so that other




criteria for separation must be usea  One possibility 1s to
seperate the radiation into an electronic (cascade producing)
and a non-electronic component. The electronic component
includes electrons and photons. The non-electronic component
contains mesons, protons, neutrons, V particles, and a
variety of composite nuclei. The electronic component has
been thoroughly studied and analyzed. The cascade process
has been described mathematically by Bhabha and Heitler (2),
by Carlson and Oppenheimer (3), and by Arley (4). A general
review of electronic processes is given 1. Russl and

Greisen (5).

Exi.ept to make sure that electrons have been excluded
from the measurements, the electronic componert is of no
interest in this paper.

Rossi (1) has designated those particles which cause
nuclear disruptions or stars as a generalized nuclear com-
ponent and has labeled them the "N" component.

Rossi (1) presents evidence which tends to show that
electrons and photons cause relatively few stars, since the
increase in the rate of stars with altitude 1is enormously
greater than the increase of cascade showers. The same
argument also applies to mu-mesons. The processes initiated
by the "N" component are extremely varied and range from
simple scattering phenomena through exchange collis!ons

between neutrons and protons to complete nuclear disruptions.



These pnenomena have bteen intensively studied in the last
few ears by many groups using an exceedingly diversified
assortment of rechniques. The actual processes occurring
In nuc'csr interactions are not clearly understood but it
18 clea: that when a direct collision occurs between an
incident neutron or proton and a nucleus, that thre nucleus
may become disrupted and two to several particles may be

€ jected, The particles ejected may include protons,
pi-mesons. electirons. neutrons, various nuclei, and "V"

particles.

Ionization Chamber Studies

When the nuclear disruption occurs in an ionization
chamber a large bLurst otf ionization 13 detected; hence the
name "burst" came into the literature. However, bursts
include not only nuclicar disruptions, but also dense air
showers and at very high altitudes, s%ngle particles of
high nuclear charge. The bursts due to air showers may be
separated from single particles and nuclear disruptions by
coincidence measurements between icnization chambers and
Gelger counters. The occurrence of bursts has been studied
by Bridge (6), Bridge, Hazen, Rossi and Williams (7), Bridge
and Rossi (3), Hulsizer (9), McClure and Pomerantz (10).

One of the latest burst studies has been conducted by G. N.




Whyte (11) at various latitudes and at altitudes to 100,000
feet. The results of these various experiments include a

determination of a mean free path for the "N" component of
140 to 165 gm/'cl2 of air. 1In the upper atmosphere the path

length increases to approximately 210 gm/bma.

Cloud Chamber Studies

Nuclear disruptions or "stars" have been studied

in cloud chambers by many investigators, among the earlier
studies being those of Neddermeyer and Anderson (12), Brode,
Macpherson and Starr (13), and Fussell (14). Later researches
have been made by W. M. Powell (15), W. E. Hazen (16), and by
Fowler and Cool (17). These investigators have catalogued

the stars by the number of prongs present, the penetrating
power of the prongs, total energy, and similar data. They
have found that the rate of star production can be fitted

fairly well to the equation

- (1)
R = Ro e
X = depth in atmosphere, L = a mean free path for removal
when the "N" component, R,, is an initial rate. At higher
altitude tr..s must be integrated over all directions to give
a reasonable value and L must be modified to take account of

the heavy nuclei in the primaries. At medium altitudes L 1s




found to vary dependirg on the size of star produced.
Accepted values range trom 120 to 165 gm/bme.

All cof the cloud chamber studies have depended on
the formation of stars in metallic plates except for one
study by Valley (18) 1in a high pressure chamber for which

detailed information has never been published.

Counter Studies

Urie of vLie interestiily phenomena observce in a cloud
chamber containing absorbing plates is the "penetrating
shower" which originates at a point in one of the plates.

A group of very penetrating particles occasionally occurs
1n\a star and many of the partic.es will penetrate all of
the remaining plates in the chamber. The angular spreading
of the shower is often very small. Many satudies (cf. walker,
Walker and Greisen (19)) have also been made of pcnetrating
showers by means of Geiger-Mueller counters. Here again the
rete may be fitted to an exponential function with respect
to altitude and an absorption mean free path. It frequently
happens that a shower has an electronic component and a more
penetrating part, cf. ref. 19. The Cocconis and co-workers

have published a large number of papers which deal with the

occurrenrce of neutrons in penetrating showers.




Wa'.ker, walker, and Grelsen {1Q) have found that the
absorption of the "N" compor at responsible for the produc -
tion of peret:ating showers has a mearn free patn in lcad of
157 gm/cmg for crarged particles and 1€5 gmgch Jor neuv.ral
particl=s. The mean free path 1n carbon was 80 and 82 gm/0m2
rospectively. These zve b . gher than the values of the gro-
metric cross sec-icn. The figure in lead i1s approximately
that «bdtalned by other workers, while that found for carbon

18 lower than some of the measurements ¢f Cocconi and others.

Photographic Emulsion Studies

Stars have also been investigated in great detaill by
the use of photographic plates. <Slau and Wambacher (20}
probably conducted the f:rst important : vestigation of stars
with photograpnic plates. Among the mrst lmportant of the
early works using photographic plate: _s that of Stetter and
Wambacher (21) who established the £z t that the cosmic rays
cause stars in emulsions, and also %" 3t there i1s a very rapid
increase in the rate of star produ -~ 'n 2s the altitude
increases.

Later investigations hav- -":-monstrated the disints-
gration of pi-mesons into mu-mesd’ Further investigatlions
with photographic emulsions hava -e-lo3ed many and varied

nuclear interactions ‘ome . L zrious tvpes include

)

red]
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inclident low energy pl-mescns (mess, 279 electron masses)
¢ :28ing a nucleus to disrupt emittins protons, alpha
particles, heavier nuclel, occasional electrons, probably
neutrons and possitle jamma reys. Frequently & meson mey
ve emitt !. There rave been occesslons where an incident
pl-rieson hias ~aus=? a nuclzar explesion which emitted a
seccndary pl-mesor whicn In tumi caused & second nuclear
explesicu,

1 cenergy incldent prctens cavsc ancleesr explo-
sions &2 do neutrzl particles (principally neutrons). If
the incldent particle hzs a very hign ener;y 1t is probable
that several so-cslled "grey" tracks will be formed which
may be hish energy mesons. The pencil sc ormed may be
extremely narrow. Some examples ar: shown in the works of
£. Pickup and Voyvodic (22), Camarini, Fowler, Lock, and
luirhead (23), 2nd Lori, Feinberg, znd Schein (24). It
seems clear from these works that hizh 1ergy mesons are
formed in collisions involvin; extreme!~ energetic (at
least in the relativistic region) nucleons,

Blau and Wambacher (20) have ;- nd a direct propor-
tionality between the number of slow , .otons and the rate of
star production. If one maXxes the s3umption, although 1t
has no real lozical basis, that th.r .orrespondence hoids

for protons of hisher energies the swrie type of dependence

on altitude should hold for pro ... .; for stars. The
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dependence of the intensity of the star producing agency on

the depth of the atmosphere 1is

x
R:Ro/ e L sin 688
o by J. J. Lord (25)

where X 1s now the actual path traversed from the top
of the atmosphere
R 1is the rate of star production
Ro 18 the normalizing factor
L 1s the mean free path length

@ 1is the polar angle

At altitudes less than 60,000 feet this reduces to

X
R = Rg e- 5
L varies from 120 to 165 gm/bm2 for various kinds of stars.
It will be seen later that the present investigation gives
results which are in agreement with this equation. It
should be carefully noted that the mean free path does not
refer to the protons themselves but to the "N" component
which causes stars.
It is interesting that neutiron-produced stars reach
a maximum intensity at an atmospheric pressure of 3.5 centi-

meters of mercury due to the lack of neutrons in the primary

radiation.
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Momentum Distributions

The momentum distribution of the entire non-electronic
SnSntEhSeRk caniitinyre sitiiizolto ARL b e ntianaSahvnesiisiat sSEbothiat
sea level and at higher altitudes. The earliest such measure-
ment at high altitude was carried out by Neddermeyer and
Anderson (12) in 1934, who determined the momentum distribution
of all particles at 4.3 kilometers. They made observations on
the ionization density and found that some 3 per cent of the
cosmic radiation was heavily ionizing. In 1946 W. M. Powell
(15) published the results of an extensive study of cosmic
rays at 4.3 km using a combination of scattering and range tc
identify particles. He concluded that 3.3 per cent of the
penetrating particles were protons.

As will be seen later, both of these estimates appear
to have been low.

The momentum spectrum of the non-electronic component
at sea level has been determiiaed by means of cloud chambers
by various investigators, notably vilson (26), Hughes (to 10
Bev/C) (27), and Blackett (28) (to 20 Bev/C). The womentium
spectrum of J. G. Wilson 18 reproduced in PFig. 1. The max-
imum of the curve lies at a value of 0.7 to 0.8 Bev/C.

A very recent and ingenious investigation has been
carried out by Glaser, Hamermesh, and Safonov (29) who have

determined the sea level momentum spectrum to the pheromenal

value of 100 Bev/C.
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The method used by these investigators was to place
8 strong magnetic fileld between two cloud chambers which
were operated by a suitable Geiger tube telescope They have
found resulta in agreement with the researches mentioned
above up to 20 Bev/C. Beyond tﬁis point the intensity

continues to decrease.

Early Investigations of Protons

The investigation of the "N" component has been
hampered by the difficulty of separating protons from
mesons at higher momenta. The usual methods of separation
in a cloud chamber involve the differing ionization densi-
ties for the same momentum, or the differing scattering
properties, of mesons and prc.ons. Both of these methods
are applicable at comparatively low energles. Cloud chamber
studies involving lonization densitles are extremely labori-
ous and probably somewhat uncertalin because of the variation
of the cloud chamber characteristics with time. Nonetheless,
several such studics have been carried out at sca level
(E. J. Williams (30), R. B. Brode, H. G. Macpherson and M. A.
Starr (13)). Two studies worthy of note were carried out at
4300 meters by Neddermeyer and Anderscn (12) and W. M.
Powell (15). All of these studies found a very low per-

centage of protons in cosmic rays. The flux of very low
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energy protons has been studled by means of photograrhic
plates of Blau and Wambacher (20) and others.

The neutron intensity has been studied by many
investigators who have determined the neutron flux at
various altitudes using boron trifluoride counters and by
use of recoil protons in photographic piates, and have
obtained a certsain amount of information regarding their

energy distribution.

Recent Investigations of Protons

Recently several investigators have made res=ar-tes
which have at least partially separated the protonic compo-
nent from the mesonic component. These include the investi-
gations of Adams, Anderson et al at 30,000 feet {26), and
the sea level researches of Merkle, Goldwasser, and Brode
(31), Goldwasser and Merkle (32), Nonnemaker and Stre<t (33)
As all of these investigations apply to a greater or lessger
extent to the problem at hand, they will be discussed at
some length. The studles of Miller, Henderson e. 2. (55
are the direct inspiration of the present work and will
therefore be discussed extensively.

Another investigation which must be mentioned i{s that
of Hall (35) who used a counter telescope to measure rhe

integral range spectrum at 4350 meters. The pr:incipal

U

interest in this paper 1s that the transformaticn ¢
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differential momentum spectrum leads to inconsiscncies unlesa
large numbers of protons are postulated.

Nonnemaker and Street, working at sea level, measured
the momentum of particles which passed througl a layer equiv-
alent to 140 gm/bm2 of lead and which stcpped in a layer

equivalent to 88 gm/cm2 of lead. The means of measuring the

momentum was a8 cloud chamber in a magnetic field of 43C0C gauss.

The identification of the particles was accomplished by means
of the density of droplets along a track as compared to the
density of droplets along a track of minimum ionization
Tracks occurring singly were classed as protons, mes¢ns, or
electrons; of 384 pictures, 227 were mu-mesons, lC were dense
tracks having momentum greater than 250 Mev/C, 23 were ener-
getic particles which did not trigger the anticoincidence
tray, 15 were electrons with momenta less than 70 Mev/C, and
73 were other electronic events.

They obtained a positive excess for the mesons of
.94 ¥ .o7.

Nonnemaker and Street have conducted thelr resesavch
from the standpoint of mass determinations and consequently
have conducted the experiment from a viewpoint which makes
impossible an easy interpretation of the data with respect
to the analysis into various components. In the first plse:e,
the amount of absorber over the chamber is nearly a mean free

path length for energetic protons, hence nearly 60 per cent

D
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of the very energetic orotons in the atmcaphere are lo3t in
the absorber. Secondly, the absorption of protons dues <0
ionization loss 15 complete up to a2 momentum o¢ 78C Mev .
That they obtained any protons at all s undoubtsdiy 4due to
the production of protons in the lead absorber above the
chamber.

Merkle, Goldwasser, and Brode (31! conduct=d an
experiment in which simultaneous momentur and range measure-
ments were made at sea level for the purpose of ohbtaining
mass measurements. This experiment showe?d a proten-c
component of about 1 per cent of the total penetra-ing
component. These authors found tnat as many prctons 2as
mesons stop in the range 4-13 cen-imeters of lead.

Goldwasser and Merkle (33) have extended these meas-
urements with results substantially differing frcm those of
other investigators. They find consideratly more protons
stopping between 4 and 13 centimeters of lead than mesons.
Although they find a mean free path for absorption of 12
centimeters for lead placed above the cloud chamber, taey
find a mean free path of 4 centimeters for lead in the range
measuring chamber. The differential range spectra for
mesons and protons found by these authors 1is reproduced in
Fig. 2. A comparison of these results with those of the

present investigation will be made later.
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Probably the first of *he recen* invesrigations which

indicated the presence of large numbers of protens in cosmic
rays is that of Adams, Anderscn, et al 36} who obrained a
momentum spectrum at 30,000 feet b, fiying a8 magnetic cloud
chamber in a B-29. The momentum diatribution cbtaired
(which 18 shown in Fig. 3) 18 featured by a very higr peak
at a momentum of about 500 Mev/C. There was a 3-1/2 centi-

meter brass casting between the sensitive volume of the

chamber and the lower coincidence tube. As the peak was due
entirely to positive particles and occurs at a momentunm
which 18 Just at the absorption cutoff for protongs travers-
ing the brass casting, it 1s highly probable that the peak
is due to a very large number of protons in the radiation.
The statistics are not sufficient to permit a satisfactory
estimate of the protonic flux, but the evidence points to a
very large number of protons compared to previous estimates.

Hall (35), in transforming the integral range spec-
trum which he obtained at 4.3 kilometers into a differential
momentum spectrum used the hypothesis that all par‘fcles
observed were mesons. The momentum spectrum obtained had a
tremendous peak at about 250 Mev/C Hall realized that the
| : distribution of this type would be extremely unstable with

respect to altitude and if there were only mescns in the

radiation that this spectrum reguired a tremendous genera-

tion of mesons at this altitude. Mcre r-cent thecretical
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and experimental work has shown that mesons are cresated as a
result of cocllisions between nucleons which he hypothesized
were not present.

Since the present work permits the estimation of the
number of protons at 3.4 kilometers, some correlation with
Hall's differential momentum spectrum should be possible as
there are only about 85 gm/cm2 of air between these altitudes.
This will be discussed further on.

Another recent.work which indicated the presence
of a significant number of protons in cosmic rays at 3.4
kilometers 18 the work of Miller, Henderson, et al (34) wh>
measured the momentum spectrum of cosmic rays under various
thickresses of lead. The spectrum under 5 centimeters o:
lead 1s shown in Fig. 4. During the examination of the data
it was noted that som~ -7 ¢*“~ *tracks of particles having
relatively high momentas sn~owed an ionization that was several
times minimum, although mesons with such momenta would have
produced tracks of almost minimum ionization. All but three
of these tracks showed curvatures denoting positive charge
if the particles were traveling downwards.

A momentum plot of all of these heavily ionizing
particles showed a low momentum cutoff which corresponded
to the momentum which a proton must have in order to get
from the cloud chamber into the sensitive volume of the

lower Geiger counter. In view of these facts, it 1s
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probakle that thos> particles were protons. It was ‘“cund
that '"hey cronagtituted some 19 rer cent of the singliv occur-
ing fonizing part of “he nor-rleckmanic ~companent AT o=
mamentum nesr 500 Mey O

Tre judgment nf ¢he ionization of the track was
somewhat' ~:Ljertive. That 1q 5 «oryiea of frames was
exemineZ aimulitanrncously and 1f one cf the tracks appeared
partl ularly bteavy, In the opinton of the person examining
it, . was reccrded as a heavy track. Several items con-
tri*uted to the uncertainty of the 1denri7:-atlon. In the
firs- place, the chamber was counter-controlled so that the
intervals between expansions was random except for a 1i-1,2
minute chamber recovery time.

In the seccnd place, th: C1me delay between the
detection of the parti.’e and the =xpar 1on of the cloud
chamber was so short that the droplet- ~“.d not have time to
rompletely form or the lons to 41ffus away from each other,
so that actual counting of droplets ¢ determine ionization
accurately was entirely unfeasible ‘1 addition there were
sometime s slight variations in 111~ -21:on, It was felt

that the estimate given was a l-w .'mit of the protons and

that many more protens astually - -ted in the rediafrjon.
The previous work on t=- '"." component has been given
in detail atove. The nforma arlablie ahout rnratona

~

was very limited, cons.at:ng « 7 ¥aow_2dge that protons
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rxisted in fairly large rumbexra. o profon comantuln 2pE:

W

E:“’J

had been published. The pres<nt inveshigation permitted 2

n AF
1y it

quantitative description of the mopentur distributi

[}

L3

‘protons in the momentum interval from 500 Mev/C :o 2 Be. .
As sn iamportant by-product of thiz research an estimate of
e mean free path for absorpticon dus %6 nutlear reaction
has bsen made possible.

Subtraction 6f the proton womentum spectrum from.
the momentum spectrum of the ncn-slectrconic compenent found
by Miller, Henderson, et al (34%) permits" sn approximation

of tne meson spectrum.
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EXPERIMENTAL METHOD

The search fc¢:r a method of distinguishing protons
that does not involve a subjective treatment and which
permits the determiration of their momentum spectrum always
necessitates the cholce of two techniques. The determina-
tion of the momentum spectrum 18 a measuremer.t for which
the magnetic cloud chamber 1is unriquely fitted. There 1is no
other tool which is nearly so effective for momentum meas-
urements or which even measures the momentum directly.
Since it is desirable to avoid any possible ambiguity, the
first necessary choice 13 the magnetic cloud chamber. This
leaves one other property to be measured. The properties
which are used frequently for this type of study are the
scattering, ionization density, and range of the particle.
The scattering properties did not seem capable of giving
accurate enough information in the small chamber available
since no lead plates could be introduced because they would
shorten the length of track available for curvature meas-
urements to the point where no accuracy could be ottained.
Ionization measurements suffer from similar defects. 1In
order to measure ionization accurately, it 1s necessary to
delay the expansion of the chamber until considerable dif-

fugion has occurred in the track. It is then impossible to
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measure the curvature of the resulring broad, diffuse track
with any degree of accuracy. In any case the ionizaticn
density methed is 1:m:ted to low energies,

The one remaining possibility was 2 simuitaneous
weasure~ent of momentum 3nd range Tne difficulties that
arlse here are fortunately nct serious. In the first place
the measurements 4o not mutually :nterfere so that the
accuracy of either can be carried out tc the limit of the
equipment without bothering the other. In the second place
the range of a particle is a rapildiv varying function of
momentum 8o that for particles of momenta considered in
this experiment the range is suitablie parameter for the
determination of particle characteristics. As a counter
telescope appeared to be considerably more flexible than
a range cloud chamber, “n:gs was the method used.

The principle of separation of protons from mesons
can be shown most easily by reference to Fig. 5. It 1is
based on the vast differences of the range-mcmentum relations
of protons and mesons. Fig. 5 shcws the range-momentum
curves for mesons and protons. The heavy horizontal bar
marks the range interval 0.5 to 5.5 centimeters of lead.
The short vertical bar represents the momentum interval for
which mesons would stop in this range. Similarly the long
vertical bar marks the momentum range for which protons

would have this same range. If there were no scattering
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an‘l the anticcincidence tray were 100 per cent efliclient

t''e momentwum 3pectrum couvtalned wouldi te tws peakxs, that with
lower momentum teln; due to wmesons and that with higher
—“omentum due to protons, with vertical cutecffs., The plcture
18 compl’' ceted by the small anjle scatterin; to which the
carticles are gubjiected end also oy catastirophic losses of
rrotons. A _lance at Flz. 9 shows the momentum spectrum
obtalned Tor thcse partlicles which stop in 0.5 to 5.5 centi-
meters of lead. The extremely clear separation o the two
peaks shows the efflcacy of the method.

If ionlzatlon losses alone wore of significance, the
Infcrmation derlvable from this serles of measurements would
be i1imited to & momentum of atout 1.2 3ev/C Tor protons.
However, as we have alrezdy seen, e "N" corponent is

abgorted In lead bv nucleesr Interaction with an absorption

5

-

mean free path cf 18(-1¢5 gm/cmd. Since protons are cer-
t21nly one constituent of the "N" compc <nt they also must
be sbsorbed with a mean free path of abt ut 160 gm/cmz. Oon
the vasis of thils fijure which i1s nct chilosophically justi-
fled in a S-centlmeter sbsorber about cre third of the high
energy protons are stopped while €t "> centimeters the frac-
tion 1s about 55 per cent ol the 0 .al protonic flux. Thus
from the dsaeta found in this exper’ .. Lt 1s possible to

get a falr approximstion of the '« <r of protons In the

cosmic radistion. Althoush due o «.terir; difficulties
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and the necd to add several partial spectra the probable
error is large at high energies. A crude estimation of the
mean free path of pretonz ‘as distinguiszhed from the gener-
alized "N" component) in lead canr be made from tne number
of protons stopped in varying amcunts of lead, but the
probable error is large, due to the method necessary to
get the proton flux at higher momenta This figure may
then be used to calculate the total protonic f{lux.

This experiment differs markedly frcm that reported
by Miller, Henderson, et al (34) because the experiment that
these investigators performed was a simple momentum mneasure-
ment of all particles which had & sufficient range to pene-
trate the moderating lead above t:e cloud chamber. The
information obtained about protons was due entirely to the
heavy ionization of these particles. Estimates of proton
intensity were limited to a narrow momentum band and served

only to set a lower limit to the intensity in this band.
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III

TH: EXPERIMENT

The expedition of 1948 had found that the use of the
facilities provided by the Climax Molybedenum Company greatly
simplified the problems of the expedition. It was therefore
decided that the present data should be obtained by Climax.

A 22-foot van-traller with an International semi-tractor for
locomotion was obtalined and fitted out fo>r the use cf the
expedition. A small dark room was built into the traller

and served for the processing of much of the f!iim. On-the-
spot analvais of sufficient film ‘o indicate the trend of

the experiment greatly facilitated the experimental procedure.
Perhaps the greatest handicap tc the experiment was the
extremes of temperature encountered within the truck.

The motor generator set was installed on a Navy 6X6
truck and covered with an aluminum roof. These two trucks
plus a small Dodge truck were taken to Climax, Colorado
(altitude 3.4 km) on the first of September 1949. Climax
measurements were carried out in September, October, Novem-
ber, and early Decewber, after which the trucks returned to
Seattle in a blizzard. Fig. 6 shows the trucks on location

at Climax.

The Seattle measurements were obtained in May and

June 1950.



FIGURE 6,

TRUCKS ON

LOCATION AT CLIMAX



Frocedure

Experimental Arrangement

Trhe experimer*al arrangement shown in Fig. 7 was
used., Counters A, B, ard . are 1in coincidence while the
counters at D and E are in anticoincidence. The counters
8t £ were placed in anticcinclidence fcr the purpose of
reducing the number of shower pictures obtained since only
singly occurring tracks were of importance in this study.
It 1s apparent that only those particles with sufficient
range to penetrate the lower wall of the cloud chamber and
the material between it and tray C, but of insufficient
range to trigger one of the ccunters at D will be photo-
grapred. The minimum material between the seng.tive volume
of the cloud chamber and the Gelger %tube was equivalent to
0.5 centimeters of lead, which provided a convenilent minimum
absorber for the purpose of separating mesons from protons.

Since the experiment was designed to separate protons
having various momenta (following the principle illustrated
in Fig. 5) 1t was nec=s8sary to obtain particles with varying
ranges. The moderating lead set the minimum range, counter
C acting as a recording mechanism to indicate that the parti-
cle had actually penetrated the lead. Counter D then elim-

inated all particles having =ufficient range to penetrate
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both the moderating and differential 1lead. The womenta of

only those particles stopping in the differenttal lead were

measured.

Experiments Performed

Three series of measurcments using this experimental
arrangement were made at Climax, Colorado (altitude 3.4 kilom-
eters) during the summer and fall of 1949. These will be
referred to as Cases A, B, and C The only difference in
the series is in the amounts of moderating and differential
lead (indicated 1in Pig. 7) The aiount of lead in the three

cases 18 shown in the following table:

Case A B C
Differential Lead 5 cm 10 com 10 cm
Moderating Lead 0 5 15

In addition to the moderating absorber deliberately
introduced there was sufficient material to be equlivalent to
an additional half centimeter of lead between the sensitlive
volumes of the cloud chamber and Geiger tube C.

Two additional series of observations were made at
sea level using an anticoincidence tray at D that was rede-
signed to increase its efficiency. This will be discussed
later in this report. No moderating lead was used in either

series. The first of these series {(Case D) was a repetition
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3t 8ea level of Case A. The sezcond, made because of the
extremely low intensity cof protnones at sea level used 10

centimetera of differentia’ leand

Casge D E
Differential Lead 5 ¢cm 10 cm
Moderating Lead 0 C

Kquipment

Due to the extremely varied and complex nature of the
equipment used in this investigation, the discussion of the

apparatus will be divided into th> following secticns:

. Tre cloud chami=r

The magnet.s

The Geiger tubes

The electronics

Equipment for analyzing the data

N Ewh) =

Each of these divisions will be discussed in consider-
able detall. A description of the experimental arrangement as
set up for use has been given previously. Most of the compo-

nent parts of the equipment have been described elsewhere (34,

37) .




The Cloud Chauber

The cloud chamber i3 basically a diaphragm type. The
design of the chamber ‘s unique in that the expansion chamber
18 connected to the sensitive volume by a 2 x 10 inch brass
tube. This was done 8o that the distance between magnet
pcles could be kept 23 3amall as pessible. The expansion
chamber and the sensitive volume are each of fairly standard
design. The connecting tube intrcduced special problems
since the assembly acted like a Helmholtz oscillator causing
local overexpansions which prevented normal operation. The
technique which cured this effect was to stuff the tube
loosely with copper wool. The ccrper wocl offered enough
additional damping so that any remaining oscillations were
80 small that they did not give overexpansions.

Tracks formed sufficiently within .02 seconds after
the initiation of the expansion to permit successful photo-
graphing of them. After .05 seconds delay, the tracks were
sufficiently dense 8o that accurate curvature measurements
could be made. Tracks were extremely narrow, being only .7
millimeters wide. Satisfactory momentum measurements to a
momentum of 2-1/2 Bev/C could be made.

The cloud chamber was filled with an excess of a
mixture of 60 per cent normal propyl alcohol and 40 per cent
water as a8 condensing agent, the permanent gas beilng argon

at a gauge pressure of 1.3 atmospheres. Compression of the
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cloud chamber was accomplished by use of backing ajir av a
pressure of 1.7 atmospheres held by means of a ragnetically
activated pop valve whicrh was designeo wi-h fast creration
as the nrincipal criterion (the moving parts were held to

minimum weights). Expansion was accomplished by voiding the

backing air into the atmosphere. A capillary was provided

in the alr supply so that only a small amount of air would

flow during the expansion cycle. Measurements have 1indicated
that the expansion was essentlally complete within .01 second

after the detection of a desired event.

The Magnets

The magnets are wound from 0.25 x 0.80 inch copper
strip and are contained !n steel housings, which with the
steel cores form the magnetic circuits. The magnet, inde-
pendent of the supporting framework, weighs about 2000
pounds; approximately half of this weight 1s steel and half
is copper. When operating at a field strength of 8200 Gauss,
the magnet requires a current of 800 amperes, giving a total
of 1.9 x 105 ampere turns. Power dissipation under these

conditions 138 25 kilowatts. The original calibration of the

| field was made by means of a flip coil mounted on the axis of

’ the magnets. Exploration of the fleld uniformity was made

using a8 bismuth spiral and Schmidt bridge. Errors due to
non-uniformity of the field were negligible as the field




varied less than 1 per rent tnroughout tte 1lluminated
regicn of the chamber.

Cooling of the magneta was ~affected by means of
rapidlv circulating oil through a system of baffles that
insured a flow of oil over every surface of the buss, The
oil, flowing at a rate of £ gallons a minute, was coeled
in a heat exchanger with water being the ultimate agency
for carrylng away the heat generated in the magnets.

The temperature was controlled by means of a by-pass
valve which permitted a (raction of the o0il to circulate
without passing through *he heat exchanger. The by-pass
valve was controlled by a small twc-ph2sce motor operated
by a Brown potentliometsr amplifie- which was activated by
the signal from a Wheatstone bridge. one arm of which was
110 ohm non-inductive <o0il wound of No 40O copper wire
‘mmersed in the 01l stream at the intake to the magnet
cooling system. The temperature of the cooling o1l flowing
into the magnets was constant to 0.01 degrees Centigrade.
Since the temperature control of the input oll was so
constant, the cloud chamber was placed in good thermal
contact with the magnet core, resulting in extreme constancy
in the cloud chamber temperature.

The D.C. current was obvained from a wmotor generator
set that furnished 800 amperes at 28 volts. The cooling

water, supplied by the Climax Molybdenum Company, was at a
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uniformly low temperature and was a contributing factor to

the fine results obtained

The Gefger Tubes

The Gelger tubesa were 31! of glassa wall type. An
nxidized copper cathode and 5 mil tungsaten anode were used
in all of the tubes. Four sizes of tubes were made, sensi-
tive volumes of these tubes being 3/4 x 6 inches, 1-1/4 x
12 inches, 1-1/4 x 18 inches, and 1-1/4 x 24 inches. Springs
were placed in the longer tubes in order to take up the
slack when the central wires were flashed. The tubes were
filled with a mixture of 10 per cent petroleum ether and 90
per cent argen to a pressure which gave an operating voltage
of 1325 volts (about 12-15 centimeters of mercury). The
counting rate was constant within 5 per cent over the 300-
volt plateau.

These tubes were all baked out several hours at
about 500°C under a vacuum of 10'3 mm. The central tungsten
wires were heated to a8 bright orange by an electric current
for half an hour and then flashed a brilliant white for a
few seconds. The copper was oxidized by permitting air to
enter the tube while it was s8till hot. Arparentiv the evant
arount of oxide was not critical and could be varied from an
almost invisible layer of the red oxide Cuny0 to a fairly

heavy brown layer which probably contained some CuO. The
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tubes which failed be-ause of overvoltage or old age could
usually be revived cy pumping out, reflashing the wire and
refilling The efficiency of the Geiger tubes was found to
be over 99 per cent and the 1-1/4 inch tubes had an approx-
imate 1life of 108 counts

Four channels of anticoincidence tubes were provided
£o that the dead time of the anticoiticidence tray was reduced
to a minimum. Tnis comes about as follows. When a Geiger
tube fires, the voltage across the tube falls below the lower
level of the Geiger plateau for a period of 100-200 micro-
seconds. During this interval all of the Geiger tubes con-
nected in parallel with the triggered tube are inoperative.
In order to minimize errors of irclusion due to a particle
passing through one of the 1inoperative Gelger tubes the
number of tubes in any one grou) was Lept low so that the
largest possible number of tubes was in operation at all
times. Errors from this source were of the order of 1 per

cent.

The Electronics
The electronic circuits may be divided into four
parts: an event selector, a cloud chamber control, a program

unit, and an auxiliarv high voltage flasher supply.

Event Selector. The event selector, as the name

implies, chooses an event which triggers the proper Gelger
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tubes in the colncidence train and fails to trigger any
tubes in the aaticoincidence train. The Rossi type coinci-
dence circuit has three ~hannrels whlch may be switched so
that a coincidence will be registered if simultaneous (within
the 1.6 microsecond esolving time of the unit) pulses are
received on 1, 2, or 3 channels. The output of the Rossi
tube 1s fed into a univibrator which delays the pulse two
microseconds and provides a 1.6 microsecond square wave
output. This pulse is fed into a mixer tube and at the same
time initiates circuits which record the coincidence. The
output of the coincidence and anticoincidence pulse shapers
are fed into a selector switch which permits selection of
any of the coincidence or anticoincidence channels or the
sum of all four anticoincidence channels for the purposes
of scaling the tubes. This function is necessary because
it permits the condition of the Geiger tubes to be determined.

The anticoincidence pulses are amplified and mixed.
After being shaped the anticoincidence pulse is fed into an
anticoincidence pulse generator which furnishes a 5 micro-
second blanking pulse.

The output of the Rossi coincidence tube and the
anticoincidence pulse generator are fed into a mixer tube.
If no anticoincidence pulse 18 present the mixer output 1is

fed to the program unit.
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If there 13 a simultaneous coincidence and anticoin-
cidence pulse, the coincidence pulse arrives two microseconds
after the anticoincidence pulse and lasts only 1.6 microsec-
onds. Thus the blanking pulse completely blankets the

coincidence pulse

Cloud Chamber Control Unit. The cioud chamber control

unit performs the following services upon receipt of a signal

from the program unit:

1. Expands the chamber
2. Turns off the clearing field

3. Actuates the flash lamp3, after a suitable time
delay

. Rewinds the camera
. Records the expansion

Y
5
6. Turns on the clearing field
7. Recompresses the chamber

8

. Provides a time delay for the cloud chamber to

recover

Time delays cf the order of 4 seconds or less are
provided by univibrators. The 1-1/2 minute sterilization
delay 1s provided by a timing motor. The photo flash timer
is varied by changing the capacitance of an R-C timer in a
binary system co that any delay between .0 second and .16
second in steps of .01 s2cond may be obtained by a proper

manipulation of the four on-off switches.

= \
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The program Un!t, Tne poogram unit provides for

eperazion of two separavs ciloul cnambers as desired from
eitiher of two event gelector units and it also permita the
intercenresv.on of the two untis

n additron to the programming of the chamber controil
urits tnls chassis carries vhe registers for recording the
rumber ©f ccoincifences and ccincidsnce minus anticoincidences
“yom - ach ovent gelector. A hirnary scale of 16 is included
for © e purpcse of scaling the Goiger tubes on each of the
char-:1s. A Geiger vclitage suprly capatle c¢f{ furnishing
1672 volts, dut which is limited to about 1450 volts for

trhe protection of the Gelger tubes was ccnstructed by using
a swmall rad:c frequency oscillator and tank circuilt.

Tne ninary s8cales are of Xxtreme .nterest since they
are comp.etely srable, trouble free, ant manufactured in
packaged units with nc tailoring neces>avy. The units were
m2nufactured with the idea tnat if or. *ailed it would be
cheaper to discard rather than repai :1t. This procedure,
ncwever, has not been followed as oi:.yv one scaler has failed
in three years, and this was due : sailure of the

ceramic in a tubular <ondenser " .3 possibility has been

eradicated by changing thc compor . .

The High Voltage Flash a'p>v. The secondary current

of & high voltage transformex tified by a 2X2 diode
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and fed into A bank o7 4-32 microfzr-ad condensers which
charged to 7570 vnlts. The 40C !ocules stored in these

condensers w2s d!'3asipated through the four flash lamps.

Illumi: ation ard Photography

IDluminzsion was provided by four high-speed R 4340
Sylvania flash Y2mp3 which dissipated 100 joules each per
f£lash Eash lamp was fitted with an aluminum foil reflector
and a 2-1,/2 x € inch cylindrical plaastic collimating lens
of 2-1/2 ircr focal length, which was forused so that the
image of the lamp was at the far side of the cloud chamber.
Tr.~ power supply for the flash lamps ~onsisted of four 32
microfarad capacitors which were charged through & 2X2
high voltage diode. The ignitior pulse w2as obtained from
the secondary; of an autcmobile ignition :nil excited by the
discharge of a thyratron through the r~tmary. The resulting
pulse had an extremely high voltage, it the overvoltage
keeps the tubes active far beyond th~. - normal 1life. The
camera used was especially made for - .8 task around an
f4.5 Ektar lens. Apprcximately 457 § stures of the cloud
chamber were obtained on each 102. »or roll of 35 mm film.
It has been fournd that zlear rase 1-negraph Ortho film 1is
the most satisfactory for this 3¢ ~:nce it gives a good

contrast at high film sg=ed ar-~ " has & fine grain.
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CURVATURE MEASUREMENTS
The Standard Curves

The curvatures of the tracks were measured by com-
parison with standard curves which were prepared as follows:
An arc of an ellipse which closely approximated a circular
arc of the proper radius was inscribed in a heavy layer of
Aquadag on a 4 x 7 glass plate by means of an Evans linkage.
The glass plate was then moved .7 millimeter and a second
curve of the same racdius was inscribed. The result was a
pair of parallel arcs separated by .7 millimeter. These
arcs, of which there were several pairs per plate, were
photographed using the¢ same camera that was used to photo-
graph the cloud chamber tracks and with the same distance
between the camera and the plates as was used in the cloud
chamber photography. The 35 mm negatives were projected
through a machinist's comparator onto one half of a 5 x 7
Kodak 33 plate. Positive prints were made by contact
printing on a second 5 x 7 Kodak 33 plate which was then
cut lengthwise so that each group of standard curves was
on a 2-1/2 x 7 glass plate. A strip of cellophane tape
was put on the emulsion at each end so it would not be

abraded by the ground glass of the comparator.




Tomparison Metlads

The wachinist’'s comparator was fitted with a rctat-
ing 35 mm fiim hold=» and a p-opsr tliumination source for
project*on. The 1mage was prolected through an ‘4.5, 50 rm
Fktar projection lens, similar tn that used in the camera,
~y'%0 the grourd zlass screen of *the comparator. The actual
measur=ment conslsated of matching the projection of the
track to the palr »f curves having the same radius of curv-
ature, whence the curvature of the orig:nal track was
imme1iately known.

Although this method of measurement did nct allow as
precise a determination of the curvature of any single track
as careful sagittal measurement, *he method did permit fairly
accurate measurementa of the large numbe- cf tracks required

in thts study within a reasonable leng*nh of time.
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| DATA

The tracks to be measured were required to conform

to the following criteria:

1. The track must be 8ingly occurring except for

i tracks that are not coincident in time, such as
old or post-expansion tracks.

2. The track must be counter controlled. The very
few single tracks which passed through the
cramber at such an angle that thzy apparently
did not trigger both counters were considered
to be a part of a shower.

5. The track must be at least 15 centimeters long.

The implications of the first criterion are manifold.
First, it discriminates against dense showers and, in fact,
against the electronic component in general. The 2.5 centi-
meters of lead above the chamber give a high probability for
the multiplication of the electronic component. From the
data of 1948 1t is apparent that nearly all of the electronic

component is eliminated in this manner. 1In addition, the

single track cricerion strongly discriminates against stars

formed in the material directly above the chamber, but does

3
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not strongly discriminate against stars formed some distance
above the chamber due to the spreading of the particles.

Both of these results are desirable, since thr
characteristics of the undisturbed radiation were desired.
The second criterion affects only a few tracks and tends to
further discriminate against the electronic component. The
third criterion should not affect any component preferen-
tially.

The curvature of the tracks was measured by compa. -
isor with stanaard curves as noted before. There were
twenty-four standard radii which fell on an exponential
curve connecting 0.316 meter and 10 meters. These radii
are given in Table 1. The tracks were classified as being:
equal to one of the standard curves, between two curves,
greater than 10 meters (abbreviated by calling it infinite
radius) or less than 0.316 meter. T: 3, there were forty-
nine radius intervals into which the racks were classified.
During the measurements the standard ~urves were designated
by letters as a3 means of convenienc-

The number of tracks fallirg into each class repre-
sents the momentum distribution ¢’ the cosmic rays which
stop in the range interval for whi-" the experiment was
set up.

Since P = 300 Hp and - .00 for these experiments,

it follows that P = 0.25f’ within 2 per cent, if P 1is




expressed 1n Fev C.

Duc o the fact that tne <urvature measurementa are
somewhat unce:tain and dus 0 *he gtar:ou1cg]l pneture o ke
study, 1t r¢ a3dvisatle to group srveral of the or.gina.

forty-r.ne divisions togother |

'3

order to chtain better def-
inition of the :ndividual points. In tihis manner Tables I

L0 VI wcre const ucted. As an alternate method of expression,
these data 2v-= plotted in Figs. 8 to 12, where the rate is

computed f{rcrm the formula

R 1s the rate in particles per Bev/C per ster. per
¢m® per hr

Is tr= total numbe:r of tracks measured

t“

(]

1s <re coincidence rate in p::rticles per hour

n 13 the number of measured %8s in the momentum
interval

M 1s the momentum interval

F 13 the total number of frai -3
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TABLE I

RADII OF STANDARD CURVES

Rad. Curv.
(meters)

0.316
0.400
0.515
0.583
0.661
0.751
0.852
0.966
1.09
1.23
1.39
1.56

Letter

HE<CHNDVOVOZR

Rad. Cury.
(meters)

1.74
1.9%
2.16
2.42
2.7
3.0
3.51
4.06
4.81
5.85
T-41
10.00
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TABLE II

MOMENTUM SPECTRUM
CASE A

Elev. 3.4 km - Climax
Oct - Nov 1949

Moderating Lead O ¢cm
Differential Lead 5 ¢cm

Tracks

Positives 400 Average yleld 36.7%
Negatives 157 C-A rate per hour 13.0 * 0.2
Infinite - no sign by Single track rate
Total measured 601 Conversion factor 0.0318
Total frames Run 1,2,5,6,9,10

No. of Radius of

Particles Curvature + Rate - Rate Momentum

Particles hr-l
+ - meters cm~2 (Bev/C)-l ster-l Bev/C

0-A 3.5 9 0.2 0.4 *o0.2 0.9 t o.g .05
A-C 12 22.5 0.42 1.9 ¢ O.g 3.6 t 0. .105
C-P 38.5 44 0.63 5.1 t 0. 5.8 t 0.9 .151
P-H 16.5 24 0.86 2.5 t 0.6 3.5 1t 0.7 .215
H-J 16.0 12 1.10 2.0 t 0.5 1.5 + 0.4 .275
J-L 15.0 11 1.40 1.4 % 0.3 1.1 t 0.3 . 350
L-N 34.5 4 1.75 2.9 t0.5 0.331%t0.15 .488
N-O 77.5 5.5 2.18 5.1 + 0.5 0.36 * 0.2 .54
PR 65.5 3 2.75 3.2 t 0.4 0.15 t 0.08 .68
R-T 46.5 & 3.57 1.5 * 0.2 0.13 *+ 0.06 .892
T-V 37.0 1.5 4 .96 0.66 £ 0.1 0.02 1.24
V-X 24 .5 5.5 T.93 0.19 * 0.04 0.04 1.90
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TABLE III

MOMENTUM SPECTRUM
CASE B

Elev. 3.4 km - Climax
Oct - Nov 1949

Moderating Lead 5 cm
Differential Lead 10 cm

Tracks
Positives 482 Average yleld 58.9%
Negatives 231 C-A rate per hour 13.6
Infinite - no sign 20 Single track rate
Total Measured 733 Conversion factor 0.044
Total frames 1812 Runs 10,11,12,13,14%
No. of Radius of
Particles Curvature + Rate - Rave Momentur
Particles hr-1 ster-1
& - meters cm~2 (Bev/C)-l Bev/C
0 0 0.2 0 0 .05
0 1.5 0.42 0 0.3 t 0.2 ,105
4.5 0.5 0.63 0.8 £ 0.3 0.1 .151
35 11.5 0.86 7. +1.0 2.3 t 0.7 .215
63 58 1.10 10.7 £ 1.3 9.7 t 1.3 .275
71.5 58.5 1.40 9.5 + 1.1 7.8 + 1.0 .330
34.5 36 1.75 k.0 £ 0.7 4.2 £ 0.7 .488
26.5 22.5 2.18 2.4 t 0.5 2.1 t 0.4 .545
57.5 16 2.75 3.8 t 0.5 1.1 £ 0.3 .688
77.5 9.5 3.57 3.5 t 0.4 0.5 t 0.1 .892
50.5 7 §.96 1.2 t 0.1 0.2 £ 0.1 1.2}
41.5 4.5 7.93 0.5 £ 0.1 0.1 1.98
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TABLE IV

MOMENTUM SPECTRUM
CASE C

Elev. 3.4 km - Climax
November 1949

Moderating Lead 15 cm
Differential Lead 10 cm

Tracks
Positives 41y Average yleld
Negatives 265 C-A rate per hour
Infinite - no sign Conversion factor
Total measured Runs
Total frames 1744

No. of Radius of

Particles Curvature + Rate - Rate
Particles hr >

+ = meters cm~2 (Bev/(:)'1 ster-1
0-A 3 0 0.2 0.2 0}
A-C 0 0 0.42 0 0}
C-F 0 1l 0.63 0 0}
PF-H 0} 0 0.86 0 0}
H-J 1 1.5 1.10 0.1 0.2
J-L 31 18.5 1.40 2.9 1.7
L-N 76.5 63.5 1.75 6.2 5.1
N-P 50.5 6k.5 2.18 3.2 k.1
P-R 5 41 2.75 2.5 1.9
R-T & 29.5 3.57 1.5 0.9
T-v 78 19 4 .96 1.3 0.3
v-X 73 26 T.93 0.5 0.2

62.4%

9.2 t 0.4
0.0307
15,16,17,18

Momentum

Bev/C

.05

.105

.151

.215

275

.350
3

e
3
‘888
.892
1.24

1.98
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TABLE V

MOMENTUM SPECTRUM
CASE D

Sea Level - Seattle
April, May 1950

Moderating Lead None
Differential Lead S cm

Tracks
Positives 383
Negatives 225
Infinite - no sign 22
Total measured 640

Total frames

No. of Radius of
Particles Curvature

+ - meters
O-A 12.5 12 0.2
A-C 2b.0 37 0.416
C-F 72.5 70.5 0.633
F-H 53.0 44.5 0.859
H-J 13.0 11.5 1.10
J-M 24,0 9.5 1.49
M-P 32.0 13.0 2.08
P-s 37.0 6.5 2.97
S-U 25.5 g.s 4.16
U-w 29.5 .5 6.11
W-Xx 22.0 7.5 8.7

Single track rate 1.02

Conversion factor 0.0064

Runs 5‘1:2:3:1‘:5:6:7
+ Rate - Rate Momentum

C-A rate per hour 2.3t .05

Particles hr-l

em™2 (Bev/C)'1 ster”

OO0OO0OO0OO0OOCHMNMOO

QOKHNWWUOHOAAOLVW

=W N

¢« °0 <« e s

1

Bev/C
t .08 0.3 t .08 .05
t .16 1.2 t .2 . 104
T .2 1.9 T .2 .158
t .2 1.3 T 2 .215
t .16 0.4 t .1 .275
t .06 0.12 t .04 .373
* .05 0.12 t .03 .520
+ .0b 0.04 t .015  .743
t .02 0.02 t .01 1.04
t .01 0.02 t .007 1.5
t .01 0.02 t .006 2.1
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CASE

E

Moderating Lead

Tracks
Positives 45y
Negatives 318
IJufinite - no sign 12
Total wmeasured 784
Total frames 2250
No. of Radius of

Particles Curvature

+ - meters
0-A 12 12.5 0.2
A-C 25.5 32 0.416
C-F 58.5 65 0.633
P-H 74.5 88.5 0.86
H-J 79.5 69 1.10
J-M 28.5 17.5% 1.4
M-P 25 11 2.0
P-S 47 6 2.97
S-U 41 2.5 4.16
U-w 25 2 6.11
w-x 12 1.5 8.7

A
NTUM SPECTRUM

None
Differential Lead 10 cm

C-A rate per hour
Single track rate
Conversion factor
Runs

+ Rate

Particles hr
cm=2 (Bev/C)-1

0.3%4
1.15
2.23
3.12
2.71
0.50
0.33
0.39
0.28
0.09
0.04

H Wit

.1
.23
.29
.37
.31
.09
.07
.06
.0l
.02
.015

1

- Rate

ater'l

0.36
1.45
2.48
3.70
2.35
0.31
0.15
0.05
0.02
0.01
0.01

M

3.48 t .14
1.76 + .09

.26
.31
.40
.28
.07

Momentum

Bev/C

.05
.104
.158
.215
275
-373
520
-T43
1.04
1.5
2.1

— e
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Vi
ERRORS AND CRITICISMS

The most cogent criticisms of this work are, first, the
inclusion of counter C, and, second, the design of the anti-

coincidence tray D. Any advantage obtained by the third

R coincidence tube in the elimination of showers 18 overshadowed
by scattering losses of mesons and by scattering and nuclear
losses of protons. Secondly, the anticoincidence coverage

in tray D was borderline. Although it sufficed for the five
centimeter case, the results of other cases are somewhat

more doubtful. It was clearly realized after the 3.4 kilom-
eter data were plotted that any sttempt to measure the sea
level proton flux would certalnly meet with little success
unless the anticoincidence tray was redesigned completely.
Some fourteen tubes were included in the new model (shown in
Fig. 13) which gave far more complete coverage than the one
used at 3.4 kilometers. Due to the large area covered by the
tubes, 1N34 germanium crystal diodes were put in the input of
each Geiger tube in order to isoclate the tube from the rest
of the tray. This resulted in a minimum leakage of particles
due to dead time of the tubes. The cutoff 18 seen to be far

better than with the previous anticoincidence tray. The

advantages derived from the elimination of tray C was so great

!

}

|—-—
_—_—M
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that the way 1is clearly pointed towards a new experiment
which has as a basic philosophy the separation of protons
from mesons by their nuclear reaction, a process that has
been utilized here as a secondary method for which the exper-
iment was not designed. This approach forms the basis of a
succeeding experiment which is not a part of this experiment.
The question of the electronic component will be
considered before scattering corrections. The total single
track spectrum and the single track spectrum under various
layers of lead were found in 1948 using the same cloud
chamber and a counter telescope consisting of counters A
and B (references 34,37). It was found that the high peak
due to electrons was entirely gone when the spectrum of
singly occurring tracks was measured under 5 centimeters
of lead. PFurther increases in the lead absorber above the
cloud chamber did not change the shape of the spectrum
appreciably. The layer of lead above the chamber was
decreased to 2.5 centimeters for the present svudy. Com-
parison of the meson peak of Fig. 1 with the meson spectrum
found in the previous work (given in Fig. 4) shows that few,
if any, electrons are included in the present work. Further
evidence 18 obtained from the negative meson intensity at
higher momenta. Positrons and negatrons would have about
the same behavior in passing through matter. In any event,

the flux of positrons should not be greater than negatrons



‘.____

65

at high momenta, but the spectrum of negative particles
shows that this intensity must be small.

The proton intensity amcng those particles stopped
in 0.5 to 5.5 centime*sr= of lead in an ideal experiment
should be the intensity of the positive curve above the
meson cutoff. An error of inclusion occurs when a particle
passes through counters A, B, and C and scatters in the
differential lead in such a manner that 1t fails to trigger
one of the anticoincidence counters D. This effect 1is
small (i1ts magnitude 1s measured by the magnitude of the
negative curve at high momenta). The correction for this
effect 18 to subtract the negative curve from the positive
curve. This assumes that the positive excess 1s one, an
assumption that does not have to be rigorously correct,
since the residual negative curve 18 so0 small compared to
the positive curve that a positive excess of 1.5 or more
would not change the measured proton flux appreciably.

Errors of exclusion occur when a particle passes
through counters A and B and scatters in the moderating
absorber in such a manner that it fails to reach counters
C. The computation of this effect will now be carried out.

An approximation method, based on the diffusion
equation given by Rossi and Greisen (5) will be used. The
assumption made is that 1f a particle 1s displaced laterally

to the edge of the counter it can be considered lost. This
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is not a true picture, since the particles at this point will
travel in all directions, but this effect is compensated by
those particles which are not displaced this far but travel
in such direction as to miss counters C.
Equation 1.64 of Rossi and Greisen 1is
o0 ~ E W —[3 wzl'l]
H([lj)://t({',jlﬁ)nlﬁ— 2r= 72 € 4 t3
oo

2 PA
Es

a characteristic energy with a numerical
value of 21 Mev

where Eq
t = the depth of the absorber, measured in terms
of radiation lengths equal to 5.9 gm/cm

¥y = lateral displacement in cm

The computation will bYe carried through for case C first,
since it is the only one that has significant scattering
corrections. The lateral displacement required to miss

counter C is approximately 3.18 cm, hence the particles

lost are given by

oo o _J_w‘__v_‘_]
3 W 4 13
S= Z/Hcf,y)cfy ’2/??—??:7?5’ d
e 4 )
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A change of vari~bles simplifies the proonlem.

3
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Set
Swigt P
4¢3 2
3
then S r_—/ [e—T]d¢
3/7 J/; |

For case C

' doc X 220 o (/3'3)-}
E Y > %7

Xo = 5.9 centimeters of lead

t = 1545,1911 -2 = 30.2 radiation lengths

The value of W 18 found first for the meson peak for which

= 450 Mev/C
E = 400 Mev/C
Then
. —L£° i,
'J—E-fmc* add
W o= __f%g;ﬁl__ = 41.6

Numerical evaluation of the lower limit of integration gives

w 5.6
3 = 4 X = 0
b - 3,,'2 T = SIFx /)22 P 0.875
Then S5 ’—77‘/ B J%
0.87s"
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This integral is the Gaussian distribution integral
and 1s evaluated in many tables (40). Prom the tables S =
0.4.

If this correction 1s applied to the negative meson
peak, 1t 1s found to coincide with the momentum spectrum
found in 1948 by Miller, Henderson, et al.

A similar correction must also be computed for
protons. The detail will not be given here, since 1t is
similar to the above computation. The correction factors

derived from such computations are tabulated below:

Case Mesons Protons
A 1.00 1.00
B 1.01 1.00 (750 Mev/C)
c 1.66 1.28 (800 Mev/C;
1.16 1 Bev/C

1.06 (1.25 Bev/C)

Thus 1t is seen that this particular scattering
correction is necessary only in case C.

The right hand side of the second peak does not fall
off as rapidly as would be expected because of small angle
scattering. It was noted in the experimental method that it
could be expected t{hat some very high momentum protons would
be stopped in the differential lead. As the differentlal
lead is increased, the rumber of protons penetrating the
absorber is in agreement with an exponential absorption law,

thus verifying the hypothesis that protons absorbed by
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catastrophic collisions are the cause of the high counting
rate above 1 Bev/C. The proton intensities found in the
three cases are plotted in Figs. 14 to 16.

There i8 one more correction to the proton spectrun
which will be evaluated, but which 1s not included in the
curves, which give the proton spectra in the chamber itself.
Those protons absorbed in the material up to counter C will
not be recorded. This absorber 13 equivalent to about three
and one-half centimeters of lead or about a guarter of a
mean free path. The intensity in the atmosphere should then

be about 1.28 times the intensity reported here.
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VII
RESULTS

Discussion of Momentum Distribution Found

The momentum distribution of those particles which
have ranges between 0.5 and 5.5 centimeters of lead (Pig. 9)
shows two peaks for positive particles and only one peak for
negatives., 1If the left slope of the second peak is continued
to intersect with the axis, 1t 1s found that the zero of the
extrapolated curve 1s at 300 Mev/C, which 1s just the momen-
tum a proton would have to have to penetrate from the sensi-
tive volume of the cloud chamber to the sensitive volume of
counter C. Beyond the second peak the positive intensity
is always measurably higher than the negative intensity. A
meson having a momentum greater than 200 Mev/C should pene-
trate the 5.5 centimeters cf lecad, trigger the anticoincidence
counter, and thus not be photographed. It is true that.
although the slope on the right side of the peak is very
steep, it 18 s8till far from vertical. This finite slope 1is
largely due to scettering in the 5 centimeter layer of lead
and also due to some leakage through and around the anti-
coincidence tray D. The effect of scattering has already

been discussed.
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The follewing two facts indicate clearly that the
particles causing th°3s peak are actually protons. Pirst,
the second peak occurs cnly in the positive spectrum, and
second, the low wmomentum cutoff is at the momentum that a
proton would require tc get from the sensitive volume of the
cloud chamber to the sensitive region of tray C. Ionization
density checks show that many of these particles are heavily
ionizing but that not all protons, c¢ven of relatively low

momenta, could have been picked out in this manner.

The Proton Spectrum

The proton spectrum found at 3.4 kilometers is shown
in Pig. 17. This was obtained by adding the spectra found in
cases A, B, and C. It is this addition which adds to the
statistical errors of the final estimate. An experiment
designed to make use of nuclear interactions rather than
ionization absorption would avoid this addition and hence
would reduce the statistical uncertainti:s. A correction
for the protons which are not absorbed by nuclear interaction
as they pass through the lead has been made at momenta above
1.25 Bev/C.

The proton spectrum at sea level (Fig. 18) has been
computed for those protons absorbed in 10 centimeters of

lead. Only about 60 per cent of the number of protons above
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750 Mev/C are absorbed in the lead.
The various corrections mentioned in the appropriate

sections have all been made in these curves,

The Mescon Spectrum

If the proton morentum spectrum is suwtracted from
the momentum spectrum of positive rarticles under 5 centl-
meters of lead found by Miller, Henderson, et al, a second
approximation to the true meson flux is obtained. The cor-
rected meson spectrum is shown in Fig. 19. The positive and
negative meson spectra then c¢oilncide up to a momentum of
1 Bev/C (and within statistics up to 1.25 Bev/C). After
this momentum has been exceeded, there appears to be a real
positive excesa. One possasible explanation of this is that
if a proton and neutron interact in a simple exchange col-
lision, the proton would still have a high probability of
completely traversing the remaining lead. Another possibil-
ity is that mesons of sufficient energy to traverse the
remaining lead are generated in the nuclear collisions.
Examination of the energy equation indicates that such
transitions are possible. That simlilar events occur in the
upper atmosphere has been amply verified (see references 22,
23,24). The net result of such processes would be that the

path length for removal would be increased, which would lead
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to too low an estimate of the proton flux. If such processes
are the correct explanation of the positive excess shown above

1.25 Bev/C, then the cross-section for such events 1s approx-

imately half the total cross-section for interaction of protons

having a momentum of about 2 Bev/C with lead nuclel.

Mean Free Path in Lead

A mean free path for protons in lead can be computed
from the results of the present investigation, but the prob-
able error 18 nearly twice that quoted for the counter stud-
ies. The direct evaluation of this problem requires the
solution of a fifth degree equatlion; however, an approximate
calculation will give enough infcrmation to permit a second
order approximation. Th. solution depends on the comparison
of the number of protons stopping in 5 centimeters of lead
with high enough momenta so that they would penetrate the
lead if only ionization losses were 1important, compared to
those stopping in 25 centimeters of lead. The results of
case C will be corrected for scattering as noted in the
previous discussion.

Taking those protons with momenta equal to or greater
than 690 Mev/C (slightly higher than the lonizatlion loss cut-

off), the integrated proton flux in the three cases 18 as

follows:
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Case A Case B Case C

Proton Flux 5.11 8.27 4.32
(cm-2 sterad-1 hr-1)

The sum of all three is 15.14% protons (Bev/'C)"1 cm™2 sterad'1

hr‘l

Then -
5.11 = 17.72 x (1 - e"/L)

14.7 cm or 169.5 t 30 gm/cm2

-
n

When the results are corrected for transmission of protons
through the 25 centimeters of lead, the mean free path is
174 + 30 gm/cmgo The results of case B permit a check on
this figure. The mean free path computed from this case 1is
in excellent agreement with 174 gm/bmec The value is some-
what higher than the 160 gm/cm2 usually quoted for the "N"
component, but the statistical uncertainties are so great
that the difference 1s not significant. This measurement

1s of sufficient importance that a direct study of the problem
using an experiment designed for the direct study of nuclear
absorption is desirable, as the probable error would be
reduced by a factor of two or more, especially at higher

momenta.

Mean Free Path of the "N" Component in the Atmosphere

The proton intensities found at 3.4 kilometers and

at sea level provide enough data to permit the computation

o R, T = 8
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of a mean free path fcr removal of the radiation which
creates 0.75 to 2 Bev/C momentum protons. It shall be
assumed in this thesis that the radiation responsible for
the generation of protons in this momentum interval 1s the
Rossi "N" component, and it shall be discussed from this
standpoirnt.

If the proton momentum spectra are inteqrated from
0.75 Bev/C to 2 Bev/C at sea level and at 3.4 kilometers,
the resulting fluxes can be compared directly. Partial
Justification for this procedure can be found in that the
momentum spectra found at the two altitudes are approximately
the same shape.

The integrated fluxes are as follows:

Flux
(Protons cm-2 sterad-l hnr-1)
Sea level 0.9 ¥ .09
3.4 kilometers 13.1 + 1.1
The ratio
0.9% . 0.072 + 13%
37T 4

leads to the mean free path for absorption in air of

L=1251%8 gm/’cm2

This 18 in excellent agreement with the results of photo-

graphic plate studies ~onducted by J. J. Lord.
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VIII

COMPARISON WITH CTHER EXPERIMENTAL RESULTS
Positive Excess

Extension of M. Correll's Result

M. Correll (38) found the positive excess of slow
mesons at 3.4 kilometers to be 1. The energy range studied
was fror 60 Mev to 170 Mev (momentum range 140 to 225 Mev/C).
The experimental arrangement was one fop which all protons
of this momentum would have been eliminated. As noted
previously, the present investigation not only confirms this
result but extends the momentum for which mesons have a

positive excess of 1.0 to about 1.25 Bev/C.

Comparison with the Results of Adams, Anderson, et Al
Two separate assumptions will be made here. First,

that the meson spectrum has approximately the same form at

30,000 feet as 1t has at 3.4 kilometers although multiplied

by 2.3 from Rossi's (1) curve, and that the proton spectrum
hae approximately the same form at the two altitudes and is
multiplieda by the ratio of the "N" component intensities. In
view of the similarity of the meson spectra between 3.4 kilom-
eters and sea level found by Potter (37) and the similarity

of the proton spectra at 3.4 kilometers and at sea level found




—

83

in this study, it 1s fairly reasonable that this assumption
is valid.

Rossi's (1) curve gives a factor of 2.3 in the fast
meson rate between 3.4 kilometers and 30,000 feet. The "N"
component, however, is multiplied by 14. As 20 per cent of
the penetrating component at 3.4 kilometers is protonic, it
follows that the expected positive excess at 30,000 feet
should be approximately 2.4, which 18 in excellent, although
probably fortuitous, agreement with th. results of Adams,
Anderson, et al (36), who found a positive excess of 2.5.

The present section is quite speculative in nature,
resting on assumptions which are rather inscecure. The nice

agreement does give considerable support to these assumptions.

Comparison of Momentum Spectra

Comparison with the Results of Goldwasser and Merkle

In order to clarify che comparison of the results of
this experiment with that of Goldwasser and Merkle (32) the
philosophy of the two experiments will be briefly reviewed.
The present experiment was set up, as previously noted, to
answer the question: What is the momentum spectrum of those
non-electronic particles which have residual ranges (after
passing through about 3-1/2 centimeters of lead equivalent)

b=tween 0.5 and 10.5 centimeters of lead? The resultant
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spectrum separates thc protons of this range from the
mesons. An approximate picture of the entire momentum
spectrum above 0.75 Bev/T can be inferred from these data
due tc nuclear interactions. The momentum below 0.75 Bev/C
13, however, not made availlable by this experiment. In
order to make any comparison with the results of Merkle and
Goldwasser it 18 necessary to assume a proton spectrum below
0.75 Bev/C, which seems reasonable in comparison with the
spectrum at higher momenta. When this is done it is found
possible to make estimates of the number of protons stopping
in a range from O to 10 centimetera. The meson spectrum,
because of its approach to zero and because of the extreme
penetrating power of mu mesons, i3 little affected by 1/2
centimeter of lead,

The exveriment of Goldwasser and Merkle is designed
to answer a difierent question. Here the question asked 1is
this: What 18 th2: mass of a particle that has a residual
range between O and 10 centimeters of copper (approximately
9 centimetcrs of lead)? By counting the number of particles
that have m:sonic mass and those that have protonic mass that
stop in the copper in a given time one point on the differen-
tial range spectrum of protons and one on the spectrum of
mesons 18 determined. Varying the amount of iead above the

system provided the entire differential range spectrum. It
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should be noted that the measurement includes particles of

all momenta provided they have arrived in the range chamber

and that thelr range does not exceed 10 centimeters of cop-

per. The two experiments 1n many ways are mutually exclusive
as the range spectrum for protons cannot be made to yield

the momentum spectrum due to the large number of high momen-
tum protons that stop because of nuclear collisions. On the
other hand, it 18 only by insisting on a minimum range that

a momentum spectrum can be made to give information about

the relative numbers of mesons and protons.

In view of the necessity of extrapolating the
momentum spectrum, it appears that an atteapt to make a
close comparison between the two experiments 18 inadvisable
although a qualitative agreement on the ratio of protons to

mesons apparently exists.

Comparison with Results of Hall

The momentum spectrum obtained by Hall (35) at 4.3
kilometers had a very high peak at about .2 Bev/C. It was
noted in the introduction that the form of this spectrum
was probably influencea by a large number of protons in the
cosmic radiation. It is easy to show that such a hypothesis
leads to a spectrum that is very simllar to the one obtained
by Hall. Several assumptions must be made but the plausi-

bility of them has already been shown in other sections.




| The principal asaump!ion 18 that tne proteon and meson spectra
at 4.3 kilcmeters have the same form as ait 3.4 kilometers.

The proton flux at 4.3 kilometers, however, may be egstimated
from the mean fre= path of =he "N" ccmponent in tne air - 125
grams } :r square centimeter Tre mass of the alr layer between
2.4 and 4.3 kilcmeters 1s £5 gram3 per square centimeter and

therefore the proton _ntensity at u(3'kilometers 18 2.0 times

the 1 tensity at 3.4 kilcmeters. Using the meson range momen-
tum spectrum, and taking account of the nuclear collision
pro~=2dses, a momentum spectrum which co! *esponds to the momen-
turr apectrum given by Hall was computed. The remarkable
similarity of the two curves is shown by Fig. 20. The drop-
ping of Hall‘s curve below 200 Mev /C is an unavoidable
instrumental effect The curves sere normalized at 700

Mev C. The increasing peaking of the m< son spectra towards
the lower momenta has not been taker - 1o account here.

17 this effect were taken into accour the rather small
discrepancies would be reduced The - >wentum gpectrum
computed in this section 18 not the - e that would be

found at 4.3 kilometers but rather ': the result of an

attempt to duplicate Hall's deriv-: womentum spectrum.

|
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IX
SUMMARY

1. The momentum spectrum of protons between 0.75
Bev/C and 2 Bev/C at 3.4 kilometers has been derived Trom
the momentum spectrum of particles stopping in given range
intervals. The flux of protons 1s about half as large as
the negative meson flux.

2. The momentum spectrum of protons in the same
momentum 1interval at sea level has been found. The proton
flux 1is about 5 per cent of the total meson flux.

3. A momentum spectrum for mesons alone has been
derived from the data of Miller, HYenderson, et al by
3ubtracting the proton flux from the positive meson
spectrum. The spectra of positive and negative mesons
are equal up to 1.25 Bev/C momentum. Above this point
the positive excess 18 greater than one.

4. The proton flux has been correlated to the "N"
component of Rossi and the intensity of protons in the
momentum interval measured found to be proportional to
the "N" component. The mean free path in air of this "N"
component has been fourd to be 132 grams per square centi-
meter, in good agreement with J. J. Lord and other inves-

tigators. This value was obtained in the comparison of
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intensities between 3.4 killometers and sea level); and also
between 3.4 kilometers and 30,000 feet.

5. Definite indications that the peak in the momentum
spectrum Hall obtalined at 4.3 kilometers was due to large
numbers of protons in the cosmic radiation have been
presented.

6. The mean free path for removal of protons in lead
has been shown to be 174 ¥ 30 grams per square centimeter
which agrees, within the statistical uncertainties of wmeas-
urement, with the 156 to 165 grams per square centimeter of

Walker, Walker, and Greisen, J. J. Lord, and others.



90

BIBLIOGRAPHY

Rcssi, B. Rev. Mod. Phys., 20:537 (1948).

$4

2. Bh-bha, H. J., and Heitler, W. Proc. Roy. Soc.,
1159:432 (1937).

3. Carlson, J. F., and Oppenheimer, J. R. Phys. Rev.,
51:220 (1937).

ba. Arley, N. Proc. Roy. Soc., Al68:51S (1938).

b. , Stochastic Processes and Cosmic Radiation.
Copenhagen: G. E. C. Gads Forleg, 19%3.

5. Rossi, B., and Greisen, K. Rev. Mod. Phys., 13:240
(1941).

6. Bridge, H. Phys. Rev., 72:172 (1947).

7. Bridge, H., Hazen, W. E., Rossi, B., and Williams, R. W.
Phys. Rev., T74:1083 (1948".

8. Bridge, H., and Rossi, B. Phys. Rev., T71:379 (1947).
9. Hulsizer, R. I  Phys. Rev., 73:1252 (1948).

10. McClure, G. W., and Pomerantz, M. A. Phys. Rev.,
79:911 (1950).

11. Whyte, G. N. Phys. Rev., 82:204 (1951).

12. Anderson, C. D., and Neddermeyer, S. H. Phys. Rev.,

50:263 (1936 .

13. Brode, R. B., Macpherson, H. G., and Starr, M. A.
Phys. Rev., 50:581 (1936).

14. Pussell, H. Phys. Rev., 51:1005 (1936).
15. Powell, W. M. Phys. Rev., 69:385 (1946).
16. Hazen, W. E. Phys. Rev., 65:67 (1944).



Coecl. R. L., Fowlier, K. C., et al. Phrvs, Rev,, 75:1275
Yalley, G. E,, Leavitt, £. P., and Vitale, J. A.
Phys. Rev., 75:201 {1949},

Greigen, K., Walker, W, D., and Walker, 8,
Phys. Fev,, 80:535 (1G50),

Wa.ker, W, V., Walker,K 8, P.p and Greisgsen, K.
Phvsi, Rew., BO:546 (195 5

Blau, M., z.4 Wambacher, H. Akad. Wisg. Weiln
IIA 146:623 (1937). :

“tetter, G., and Wambacher, ¥. Physik. Zeits., 40:702
{1939) .

Pickup, E., and Veyvodiz, L. Phys Rev., 82:265 (1951).

Camerini, V., Fowler, P. H., Lock, W. 0., and Muilrhead,
H. Phil. Mag., 41:413 (1950). o

Lord, J. J., Fainberg, J., and Schein, M. Phys. Rev.,
80:970 (1950 . _ .

Lord, T. J. Feys. Rev., &1:01 {19%1).
Wilsen, J. 5. Nature, 158:414% {19.5).
Hughes, D. J. Phys. Rev., 57:59° {19340).

Blackett, P, M. S. Proc. Roy. 5 -., Al59:1 (1937).

"

Glaser, D. A., Hamermesh, B., an. Safonov, €. Fhys.
RPev., 80:625 (1950).

Williams, E. J. Proc. Roy. Scz  Al72:194k (1939).

Merkle, T. C., Jr., Goldwasse- <. L., and Brode, R. B.
Phys. Rev., 79:926 (1950G!. :

Goldwasger, E. L., and Merig’ = T, C., Jr. Physo_Rév,,
83:43 (1951).

Nonnemaker, G. M., and Stat . J, G. Phys. Rev., 82:564
11951) .



34.

35.
36.

37

38.
39.

hO.

\D
n

Millier, C., E., Henderson, J. E., 2t ai. Phys. Rev.,
79:459 (1950).

Hall, D. B. Phys. Rev., 66:321 (1944).

Adams, R. V., Anderson, C. D., et al. Rev., Mod. Phys.,
20:334 (1948).

Potter, D. S. "The Momentum Spectrum of Cosmic Rays at
3.4 Kilometers." A doctoral thesis, University of
Washington, 1951.

Correll, M. Phys. lev., 72:1054 (1947).

Gross, E. P., as noted in Montgomery, D. J. X., Cosmic
Ray Physica. Princeton: Princeton University
Press, 1989, pp. 349-357.

Handbook of Chemistry and Physics. Dayton, Ohio:
ChemiIcal Rubber PublIshing Company.




S e g -

—— v @ G S . D

A RER R Pyt p S E

DISTRIBCIZON LIST

Dr. ¥. ¥. 3. Swann, Director
Eartol Rezesrch Foundation
Franklin Instltute
Swarthmore, Fennsylvanla

Prof. C. C. Lauritsen

Depsartment or Fhysics

California Institute of Technolo:zy
Pasadensn, California

Pro®. 7. D. Anderson

Derartnent ¢f Payslces

Ce&lirornls Institute of Technololy
Pasadena, California

Prof. K. [s. Zrode
Depariment of Physlcs
Univeralty cf Californis
Berkel o h, California

Prol. E. 0. Lowrence
Radiaticen Leboratory
University of Callilfornia
Berk2lacr Callfornia

Prof. J. R. Richardson
Department o Physics
Tnlveruity of California
(Los An;eles)

i)

Los An :eles 2., ’alifornia

Prof. Z. C. Treutz

Department of Physics

Carm .7le Inatitute of Technology
Scheiley Park

Pittsburgh 13, Pennsylvania

Dr. M. A. Tuve

Departrert of Terrestrial Magnetlsm

Carnegle Institution of Washiagton
Weshington, D. C.

Dr. R. 8. Shankland

Case Tr.stitute of Technology
Dspartrment of Physlcs
University Circle

Clevelani <, Ohlo

Prof. 8. K. Alliison
Ir.stitute of liuclear Studies
University of Chicage
Chicago, Illinols

Frc’. J. Reirwater

Columbta Unlversity

lievts Cyol_tron Latoratorles
P. 0. FTox 117
Irvington-on-Hudson, New York

Prc:’. R. R. Wilscn
Latcrstory of iiuclear Studiles
Cornell (niversity

Ithaca, 5 ow York

Prof, We K. Nielson
Cepartment oI Physics
Duke Unlversity
Durham, lLiortl Carolina

Dr. Zuy Sul's

Research ILzoheratory
Zenerzl Electric Company
Schenectady, vew York

Dr. Zcltan BbBay

Department cf Phyclcs

Jeorge Weghlington Unlversity
Weshinjton, D. C.

Prof. 4. . Ramsev

Dere "tment of Physics
Harvard University
Cembridge, hassachusetts

Director

Nuclear Lgborstory
Hervard lUnlversity
Cambridge, Massachusetts

Prof. . W. Loomnis
Department of PhLysics
riversity of Ililnoils
Urbana, Illinoil:

Prol. A. C. G. \itchell
Department of Physlcs
ndlans University
Sloormin:ton, Indlans

Prol. J. A. Van Allen
Department of Physlcs
State vniversitr of Iowa
Iowa Cltv, Iows



[}

Prof. J. D. Stranatranr

Jepartment o Physics
Unlversity of Xanses

Lewrence, Kansas

2rof. J. i. Cork
Department of Physics
niversity of Michlizan
Arr Arbor, Michizan

Prof. %, E. Fezen
Jepartment of Physics
‘niversit, of Nichigan
Ann Artor, Michl an

Pre”. . i, Willlams
Pe artrment of Physics
University »F

Minnesota
Minneepolis, kinnesota

Prof. Z. P. Wey
Depar’-ent ol Fhysics
Univeizlt: of lilnnesota
¥inncarolis, Minnesota

Prof. Truman S. Gray

Servc-Mechanisms Laboratory
Magsachrusetts lnst tute of Technolcygy
Cambr!d ;e 39, liagssachussetts

Professer J. R. Zacharias. . . . .(2)
Labor.tory fcr Nuclear Science anc
Engsinecring

Massacrusetts Institute of
Cambriases 39, Massschusetts

Technology

Prof. S. A. Zorff
Depar:cment of Physics
New or« Unlversity
Untversity Heights
New Yorx S3, New York

Prof. E. Waldman

Nuclear Pnysics Laboratory
Univers!ty of Notre Dame
Notre Dame, Indiana

Prof. J. N. Cooper
Department of Physics
Ohio State Unlivearsity
Columbus 10, Onhio

Prof. W. E. Stephens
Dapartment of Physics
University of Pennsgylvania
Philadelphia L, Penrsylvsnia

Prof. A, J. -.llen
separtrment o Pnyslics
‘niversity o Plttsburgh
Pittsturgh, Pennsylvenlie

Prof. . T, Rewnolds
Departmert of Pryslics
Princeton Un'versity
Princeton, New Jersey

Pror. N 3, Wnit
~epartment of FPhy sics
Princeton Univers‘ty
Princetcn, New Jersey

ol ueu.Clc del Rosarlo
partment of Physiecs
ob'e“n‘ De Puerto Rico
Uni-ersiced De Puerto Rlco
Rio Pledras

Puerto Rico

LIy
@ 3

Prof, X. Lark-iorovitz
Department of Physlcs
Purdue University
Lefayette, indlana
Prof. 7. V. Eonner
Depertment 57 Physics
Rice Institute
Houstcen, Texas

Prci. R. E. Marshak
Department of Physlas
University of Rochester
Rochester, New York

Prof. Charles 4. Whitmer
Crairman, Department of
Rutgers iniversity

New Brunswick, New Jersey

Physics

Prof. E. L. 3inzton

Nicrowave Laboratory
Star.dford University
Palo Alto, Cal’fornia

Prol. F. Eloch
Department of Physlcs
Stanford University
Palo Altc, Californla
Pref. J. D. Trimmer
Depertment of Physices
tniversity of Tennesse
Xnexville, Tennrnesse



Prof. A. L. Hugznes
Departrient of ﬁhysics
Washin; ton University
St. Lo..s, Missouri

Prof. R. v, Sarad
vepsrtment of Physics
waghingten University
St. Louls, Missouri

Prof. J. i. Manley
Departrent of P-hvsics
Univerz'ty o: Wg.hington
Seattlce 5, Washington

r. J. W. Coitman

Research Laboratorles
Westtr=hcuse Electric Ccirporsatlion
Eis. Pitisburih, Pennsylvania

Pro:. R. lfers
Depsrtment of Physics
University ol Wisconsin
Madtson 4, Wisceonsirn

Pro’. W. W. Watson « « « » « « o (2)
Zepartment of Physics

S8losne Parsics Laborastory

Yale "niversity

liew <sven, Connecticut

Governmentsal

Chief o Nsval Research « . . . (2)
Kttn: liuclear Physicses Branch

Navy Department

Washington 25, D. C.

Superintendent, Nucleonics Division
taval Hesearch Laboratory
Anecocstia, Washington, D. C.

Chief, Pureau of Ships

Director, Naval Research Laboretory(2)Attn: Code 390

Attr: Technical Informmation Officer

Washingston 29, D. C.

Director

Offi-e of MNaval Research
Chicaj;o oranch Office
841y Yorth Rush Street
Chicazo 11, Iliinols

Director

Offize o laval Research

San “renc’aco Branch Oi'fice
801 Donshue Street

San Franclaco 2L, California

Director

Office of Naval Research
New {cri¢ Branch Office
3,6 Eroadway

New York 13, New Ycri

Director

Oft'ice of Naval Research
Pasadena Eranch Cffice
1030 East Green Street
Pgsadena 1, Cszlifornis

Officer in Charge . « « « . . .
Office of.Naval lesearch

lavy No. 100

Fleet Post Office

New York, New York

.{10)

lievy Department
Washinzttoa 295, D. C.

Chle”, Zuresu of Ships
Attr - Code 330
Wav:. vo=variment

Wasi.ington 25, D. C.

Chief, Hureau of Ordnance
Attn: Rem
Navr Department

-

washington 25, D. C.

Chtef, Bureau cf Yrdnance
Attn: ReSa

Navy Depertment

Washin -ten 23, D. C.

Chief, Furcsu of Aeronautlcs
Attn: RS-H%

Navy Department

Wasliin;ton 29, D. C.

Chief, Dureau of Aercrautics
Attn: Technlcal Library

Navy Denarsment

Yes:ingtn 2%, D. C.

Cormranaing Officer

~aval Reirolozlcal Der'ense Laboratory
Sarr “ranclsco “sval Stipyard

San rruncisco 2Ly, Calitornta



~

of ~avsl Operations
Lttn: On %6

Navy Jepartment
Washinztou 25, D, C.

~yr l__‘(

Ll L2

comrender, U, S, Naval Ordnance Test
3tation

Technlca. Libtrary

Inyckern, China Lske, California

Comnand’' 3 Jseneral

Alr For e Cambridge Research Center
Attn: :cophysicc Research Library
230 Albsny Street

Ceruric ;e 39, Massachusetts

Senior Sclentific Advisor
Offlce of the Under Secretary
of tre Ammy

Departnent of the Army

We shirn ;ton 29, D. C.
Director, Resear:h and Development
Divisicn

~eneral Staffr

Department of the Army

Washingtcn 25, D. C.

Chief. Physics Branch

U. 8. Atomic Energy Commissicn
1901 Constitution Avenue, N. W.
Washingston 25, D. C.

U. 8. Atomic Energy Commission
Attn: Ro.and Anderson

Paternt Branch

1901 Zons+titution Avenue, N. W,
Was! ‘ngton 25; D. C.

U. S. Atcm’c Energy Commission . .(l)
Library Branch

Technical Informstion Divislon,
P. 0. Box €
cek Ridse,

ORE
Tenneaisee

Osk Ridge Nationsl Laboratory
Atta: Head, Physics Division
P. 0. Box P
Oak Rld;e, Tennescee
Brookhaven National Lsasboratory
Attn: Dr. S. C. Stanford
Research Lidbrary

Upton, L. I., New lork

Oak Ridje National Lavoratory
Attnt Centrsl Filles

P. C. Box P

Oak Ridze, Tennesse

Ar;onne watlonel Laboratory
attn: Yoylande D. Young

P. 0. fox 5207

Chicezn £C Tllitnols

Decument Custedlan

Los Aluemos Scientifilc Laboratory
P. O. Box 1&€3

Los hlamcsa, ivew kexico

Technicul Infcrriation Group
Genersl Zlectric Cor:pany

P. 0. Box 1CO

Richlard, Washington

Caorbide end Carbon Chemlcal Division
(r-29 Plant)

Plant Records Department

Central ~iles (K-25)

P. 0. Box P

Oax Ridze, Tennessee

Carbide end Carbon Chemical Division
1U-12 Plant)

Centrel Reports i Information (Y¥Y-12)
P. 0. Eox P

Oak Rlidse Tennessee

Ames
Iovis
P. ©
Ame :

Lavoratory

State College
Box 1LA, Station A
Iowa

Knolls Atemie Pcwer Lgboratory
Attn?t Document Librarian

P. 0. Box 1072

Schenectad;, New York

Laboratory

Dr. K M. Harirg

U. S. Atomic Energy Ccmmission
P. Box 32
Miam!isbur:,

Mound
Attn:

n
e

Ohto

Sendia Corporatzion

Sand:a EBase

Attn: Nr. Dale . Evans
Zisssified Document bLivieion
Altuquerqus, lYew NKexico

. S. Atomlc Energy Commission
Attns Division ¢of Teshaical

and Declasgsilication Service
New York Operations Officse
P. 0. Zox 30
Ar sonfu Station
dewi Tork 2%, New York

e . SR

Information



. 5
Na.lonal 3Sureau of Standards Litrary oJlrector, Office of Ordnance Research
Rcom 203, Neorthwest ®uilding 2127 Nyrtle Drive
Nechizgta 249, D. G, C.ul waiy Nor+w Carclina
| Nationsal S-ience Fcundatlion Director
! 214l Cal! srnis Strset Office of Ligyval Research
' Washingten 25, L. C. Eocten eEranch 0ffice
. 150 Causeway S3treet
Sommandin; fenersal “oston, Mezasachusstts
Alr Researcn & Development Command
' Attn: RLRRF
| . P. 0. Zox 1359
_ Faltimcre 3, ¥ar.land
Fereign
Doctur Jesar Lattes
Scient’ lc Director, Braziliarn Center

o' Phy:_cal Research
Rio dc¢ dsneiro, Brazil




	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068
	0069
	0070
	0071
	0072
	0073
	0074
	0075
	0076
	0077
	0078
	0079
	0080
	0081
	0082
	0083
	0084
	0085
	0086
	0087
	0088
	0089
	0090
	0091
	0092
	0093
	0094
	0095
	0096
	0097
	0098
	0099
	0100
	0101
	0102
	0103
	0104
	0105
	0106
	0107



